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MD simulationsMolecular dynamics simulations of aquaporin Z homotetramer which is a membrane protein facilitating rapid
water movement through the plasma membrane of Escherichia coli were performed. Initial conﬁgurations
were taken from the open and closed states of crystal structures separately. The resulting water osmotic
permeability (pf) and diffusive permeability (pd) displayed distinct features. Consistent with previous studies,
the side chain conformation of arginine189 was found to mediate the water permeability. A potential of mean
force (PMF) as a function of the distance between NH1 of R189 and carbonyl oxygen of A117 was constructed
based on the umbrella sampling technique. There are multiple local minima and transition states on the PMF.
The assignment of the open or closed state was supported by the permeability pf, calculated within
trajectories in umbrella sampling simulations. Our study disclosed a detailed mechanism of the gated water
transport.l rights reserved.© 2011 Elsevier B.V. All rights reserved.1. Introduction
Aquaporins are a ubiquitous family of intrinsic membrane proteins
which are discovered in a wide range of organisms from archae,
bacteria, plants, insects to mammals [1]. Water molecules pass
through aquaporin channels at almost the diffusion rate yet the
pore retains high selectivity [2–8]. With different solute transporta-
tion ability, aquaporins perform a variety of functions [9–11] in
different organisms. In prokaryotic and other microorganisms,
aquaporins provide protection to cell against osmotic shock and
rapid freezing [12]. In eukaryotes, aquaporins have been found to
perform a diverse range of physiological functions, such as maintain-
ing lens transparency in the eye [13], concentrating urine in the
kidneys [14], maintaining water homeostasis within the brain [15],
facilitating rapid response to osmotic shock in yeast [16], and
regulating cell osmolarity within plants [17].
Pioneered by the electron crystallography study on the human
water channel AQP1 [18], there are 41 aquaporin crystal structures
in total [19]. They are from 10 different aquaporin subfamilies:
AQP0 [8,18], GlpF [20,21], AQPZ [22,23], SoPIP2;1 [24,25], AQPM [26],
PfAQP [27], AQP4, AQP5 [28] and Aqy1 [29]. All the reported struc-
tures share a conserved structural fold which consists of ﬁve loops and
six transmembrane α-helices surrounding a single narrow pathwaythrough the membrane. Loops B and E which contain the aquaporin
signature NPA-motif (asparagine, proline, and alanine), form half
transmembrane helices and dip into the channel from opposite sides
of the membrane, creating a seventh pseudo-helix with the NPA-
motifs placed at the center of the channel. A constriction region
contains a conserved aromatic/arginine (ar/R) motif which exists at
the extracellular side of the channel and forms the selective ﬁlter [30].
These structures provide solid bases for molecular dynamics (MD)
simulation study of the underlying mechanism for water permeation,
solute selectivity, ion/proton exclusion and channel gating. A few
theoretical works have been carried out addressing gatingmechanism
of different aquaporins [31,32]. A recent MD study showed that
starting from the closed state, by either truncating the D-loop or
introducing R190A and D191A double mutations, the conformational
equilibrium of SoPIP2;1, a plant water channel, shifted toward the
open state [31]. Furthermore, the relation between the calculated
single channel osmotic permeability pf and the distance between the
D-loop and the N-terminus supported the notion that the open and
closed states mainly differed on the D-loop conformation.
Similar to the SoPIP2;1, a gating mechanism has been proposed for
AqpZ, a membrane protein facilitating rapid water movements
through the plasma membrane of Escherichia coli. The open and
closed states of AqpZ were related to the side chain conformation of a
residue R189 which is within a highly conserved sequence box of
NPAR (Asn–Pro–Ala–Arg) resolved by a comprehensive evolutionary
analysis of aquaporins [33]. In one crystal structure of AqpZ, two
protomers were obtained with different side chain conformations of
Fig. 1. Cumulative permeation events. Linear regression results are shown in lines. PanelA,
cumulative permeation events through 4 protomers from tetramer A simulation.
Panel B, cumulative permeation events through 4 protomers from tetramer B simulation.
Table 2
Single-channel osmotic and diffusive permeability (pf, pd in units of 10−14 cm3 s−1) for all
protomers (P1–P4) in tetramer A (80 ns), tetramer B (100 ns) and R189Smutant tetramer
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R189 ﬂipped between the two distinct yet stable conformations
[34,35]: one in which the guanidinium group of R189 is in up
conﬁguration according to the ∠Cγ−Cδ−Nε−Cς dihedral angle, and
the channel is open; the other in which the guanidinium group of
R189 is in down conﬁguration and renders a closed channel. Recent
crystal structure of AqpZ also supported these observations [22].
Putative voltage-regulated water channels have been suggested for
human AQP1 and AQP4 [32]. However, so far there are no
experimental evidences for the physiological signiﬁcance of the
AqpZ gating. Furthermore, unlike the SoPIP2;1 the conformational
states of the R189 side chain have never been related to the water
permeation dynamics inside the channel. The open and closed states
were directly linked to the observation of different water proﬁles
inside the channel, and have been argued to reﬂect a dynamic
conformational balance [22]. Since water transportation is a dynamic
process, it is important to establish a direct relationship between the
water permeation dynamics and R189 side chain conformation. Such
relationship would be a strong support to the open-closed dual states
suggested by the structural information and channel water proﬁle.
In this study, water permeation dynamics through AqpZ channel
was studied by extensive MD simulations and two-state behavior of
water transportation was clearly shown. Distinctive diffusive and
osmotic permeability of water in these two states characterized the
open and closed states of the channel. By applying umbrella sampling
scheme, free energy proﬁle of the open and closed states was obtained
as the function of R189 side chain conformation. Simultaneously, the
water permeation dynamics under different side chain conformations
of R189 were analyzed which provided strong support to the
mechanism of gating through side chain conformation change.
2. Results and discussions
2.1. Dual permeability states of AqpZ
Crystal structures unambiguously resolved two different confor-
mations of AqpZ [22,23]. Starting from tetramers formed by either
conformer A or B, two simulations showed different water diffusive
permeation rate k0 (Table 1). The permeation rate, k0, of individual
protomers displays signiﬁcant differences: protomer 1, 3 and 4 of
tetramer B showed nearly zero water permeation while other
protomers showed signiﬁcant permeation with values of k0 ranging
from 0.67 to 1.19 water/ns (see Fig. 1). It is noteworthy that, starting
from the closed conformation protomer 2 of tetramer B was observed
to spontaneously transform to the open channel. In the ﬁrst 12 ns, no
water permeation events were observed for protomer 2. After 12 ns
continuous permeation happened. Based on the permeation rate,
8 single channel from tetramers A and B displayed clearly open/closed
behaviors in simulations. This was a dynamic demonstration of the
dual-state of the crystal structures.
Through equilibrium MD simulations the single channel osmotic
permeabilitypf, an important quantity to characterize water perme-
ability, can be computed [36]. The pf data obtained in the present study
are listed in Table 2. The data range is comparable to other simulation
studies [31,34,37–39]. In a water permeability matrix analysis [39],Table 1
Water permeation events and permeation rate for all monomers from tetramer A and
tetramer B simulations.
Number of permeation events and (permeation rate)
Tetramer A, 80 ns Tetramer B, 100 ns
Monomer 1 99(1.08/ns) 1(0.04/ns)
Monomer 2 98(1.12/ns) 108(1.19/ns)
Monomer 3 56(0.69/ns) 1(0.014/ns)
Monomer 4 65(0.60/ns) 5(0.01/ns)pf was predicted to be 15*10−14 cm3/s for the critical region which
locates around the ar/R selective ﬁlter in the open state. In another
study, when both open and closed states were sampled [34], the pf of
AqpZ monomers ranged from 2.7 to 6.7 in the unit of 10−14 cm3/s. In
the present simulations, the closed channels always had pf lower than
2.5 while open channels had pf varying from 5.8 to 11.4.
In an idealized single-ﬁle water transportation, the continuous
time random walk model [36,40] predicted that pf = pd = N + 1,
where N is the average number of water molecules occupying the
channel. pd is the single channel diffusive permeability linked to the
permeation rate k0 through the equation: pd=vwk0 [36], where
vw=Vw/NAwith Vw being themolar volume of water andNA being the
Avogadro's number. The pf/pd and N are also summarized in Table 2.
For open channels, the pf/pd ratios are comparable to N + 1. For
closed channels, due to the extremely low pd value, the pf/pd ratios
turn out to be much larger values which suggests that open channels
provide nearly idealized single-ﬁle water transportation while closed
channels do not.
2.2. Time resolution of pf
The osmotic permeability pf is estimated from the linear regression
of the dimensionless collective coordinate bn(t)2N [41], when t is
much longer than the velocity correlation time of n. The velocity
correlation time of n is usually in the order of 10 ps. To further
characterize osmotic permeability for open and closed channels,
instantaneous pf is calculated in small time windows (10 ns) moving
along the simulation time (Fig. 2).
For closed channels, pf display values smaller than 3.5 throughout
the simulation (Fig. 2 upper panel B protomers 1, 3 and 4). For open
channels, pf values show dramatic ﬂuctuations. In protomer 4 of
tetramer A, the minimum pf=2.3 is observed at 56 ns. This pf value is
in the range of a closed channel. However, as shown in Fig. 1, betweenB (60 ns) simulations. N denotes the average number of molecules in the channel.
Tetramer B Tetramer A
P1 P2 P3 P4 P1 P2 P3 P4
pf 1.7 11.4 2.5 2.4 9.94 10.1 5.8 6.1
pd 0.06 0.9 0.01 0.08 0.8 0.9 0.5 0.5
N 12.7 8.8 11.4 11.4 10.1 7.9 7.2 7.4
pf/pd 28.3 12.7 250 300 12.4 11.9 11.4 13.5
Tetramer B R189S mutant
pf 13.1 11.02 9.7 6.3
pd 0.9 1.5 1.2 1.1
Fig. 2. Instantaneous pf as function of time for individual monomers in tetramer A
(upper left) and B (upper right). Number of waters occupying the channel as function of
time in individual protomers from tetramer A (lower left) and B (lower right).
Fig. 3. Evolution of RMSD. Red squares and black dots are for the closed and open
channel, respectively. RMSDs are calculated relative to the conformer A structure.
Fig. 4. The potential of mean force as function of the distance between R189 NH1 and
A117O (doh).
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Therefore, at this point, the channel was not in the closed state.
As mentioned, pf is estimated as the slope of linear regression of
bn(t)2N against time using chi-square ﬁtting, the variance in the
estimation of pf can be evaluated [42]. In all calculations, the variance
is extremely small with the maximum being less than 10−2% of the
estimated pf. Hence the ﬂuctuation of pf is related to the intrinsic
property of the channel itself. Many factors may affect the
microscopic ﬂuctuation and dissipation of water in the channel,
and would directly affect the estimation of the diffusion coefﬁcient
Dn. It is hard to use pf as the only criterion to gauge the open and
closed states of a channel, especially when the calculated pf has a
small value. For long enough simulations, like in this study, when a
good ﬁtting of pd is available, the diffusive permeability pd is a better
criterion to discriminate the open and closed states. In order to
understand better water diffusion in irregularly shaped microscopic
channel and to improve the pf calculation, further study is needed.
2.3. Structure ﬂuctuations of open/closed states
Two conformers of AqpZ from the crystal structure are very similar
to each other with RMSD of 0.44 Å [23]. However, our simulations
starting from these two conformers exhibit clearly open and/or closed
states. Such different water permeation behaviors do not resort to
overall structural change. After the initial relaxation, Cα RMSDs of
both the open and closed channels ﬂuctuate between 0.8 and 1.5 Å
(Fig. 3). In fact they are indistinguishable. We have also measured
other collective quantities such as the helices' tilting/crossing angles,
as well as the RMSD of the pore-lining residues only. No direct link
was observed between these quantities and the open or closed states
(data not shown).
Both X-ray structure [23] andmolecular dynamics simulations [34]
suggested that the side chain conformation of a conserved residue
R189 in the selective ﬁlter region gauges the open and closed state.
Different from the case of SoPIP2:1, the transition between open and
closed states of AqpZ seems localized and requires much lessconformational change. Our current simulations provided a consistent
picture: both the open and closed channels have similar overall
structural ﬂuctuation proﬁles.
2.4. Potential of mean force and the structure–permeability relationship
There were few open–closed state transitions in our equilibrium
simulations. Thus it was rather difﬁcult to construct the global free
energy proﬁle including the open and closed states. In the previous
work [39] and current simulations, the hydrogen bond between
amide hydrogen, NH1, of R189 and carbonyl oxygen, O, of A117 was
observed to be stably maintained in all open-state trajectories but is
missing from all closed state trajectories. Therefore, we chose the
distance between these two atoms, doh, as the reaction coordinate. To
quantify the energy barrier between the open and closed states, the
umbrella sampling technique and the weighted histogram analysis
method [43] were employed to get the potential of mean force (PMF)
as a function of doh which is shown in Fig. 4. On the PMF, there are
three local minima, I, II and III whose representative structures are
shown in Fig. 5. Interestingly the three states, I, II and III are also
relating to three conﬁguration states, up, middle and down of the side
chain dihedral angle, ∠Cβ−Cγ−Cδ−Nε of R189, respectively [34].
There is a free energy barrier between I and II states, 4.8 kcal/mol,
around doh=0.4 nm, and a smaller barrier between states II and III,
2.3 kcal/mol around doh=0.6 nm.
Fig. 5. Simulation snapshots of local structure around the R189 and A117 region. 1, 2, 3
panels correspond to 3 local minimums, TR1 and TR2 correspond to 2 transition states
in Fig. 4. Residues R189, A117 and H174 are shown in sticks. Dotted lines denote the
distances between R189 and H174, and R189 and A117.
Fig. 6. pf as a function of the distance between R189 NH1 and A117O (doh).
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angles change concomitant with the change of doh (Table 3). Themost
dramatic change was found in χ4 (∠Cγ−Cδ−Nε−Cς), which
represents the rotation around the Cδ−Nε bond and deﬁnes the
placement of the guanidinium group. The difference of χ4 between
state I and state II is about 160° which indicates the ﬂip of the
guanidinium group. The snapshots of states I and II shown in Fig. 5
indicate that this rotation renders the guanidinium group come into
the vicinity of the atom Nδ of H174. In the open state, both NHs from
the guanidinium group of R189 are in close contact with the atomO of
A117.With the ﬂip of guanidinium group, the distance between atoms
Nδ of H174 and NH1 of R189 drops from 0.74 to 0.42 nm that leads to
the side-chain contacts between these 2 residues and also causes the
drop in pore minimum radius from 0.1 to 0.05 nm (calculated using
HOLE [44]). Thus the channel is blocked. Going from state III to state II,
all the χ angles undergo mild change for about 20° to 60°. The major
difference is that in state III the guanidinium group of R189 turns
away from the atom O of A117 and forms hydrogen bond with Nδ of
H174 which stabilizes the structure. It is clear that the transition
between the open and closed states is multi-variant dependent. The
projection of the intrinsic high dimensional free energy surface to a
low dimensional PMF (Fig. 4) will deﬁnitely lose much detailed
information of the system. As a result the barrier between the open
and closed states is considered better in a qualitative rather than a
quantitative way. Constructing a high dimensional free energy
surfaces is under way and related discussion is beyond the scope of
the current study.
In all previous MD studies of AqpZ [34,35,37,39], the open and
closed states are inferred from water proﬁle in the channel lumen
instead of water permeation characteristics of the channel. It is
desirable to explore the channel property by relating the water
permeability to the side chain conformation of the residue R189.Table 3
Structural features characterized by doh, dihedral angles χ1 (∠N−Cα−Cβ−Cγ), χ2 (∠C
H174ND and R189NH1, pore radius for the 3 local minima and 2 transition states displayed
State 1 tr1
doh (nm) 0.28 0.4
χ1 (°) 176±8 −178±11
χ2 (°) −96±12 −105±16
χ3 (°) −176±10 140±38
χ4 (°) −102±19 −152±73
174ND-189NH1 (nm) 0.74±0.01 0.67±0.12
Pore radius (Å) 0.8 0.8Large amount of data was produced in our umbrella sampling
simulations with speciﬁc conﬁguration of R189 side chain con-
strained from external harmonic potentials. These data allowed us to
make an extensive analysis of permeability–conformation relation-
ship. Osmotic permeability as a function of doh was calculated from
the doh restrained trajectories from umbrella sampling simulations
and are displayed in Fig. 6. In simulations with doh larger than 0.4 Å,
the pf of the channel is always smaller than 3 and no diffusive
permeation of water was observed which clearly indicated a closed
state. All the doh restrained simulation lasted for 12 ns. To further
conﬁrm the observation, simulation for the case of doh=0.5 nm was
prolonged to 40 ns. Still no diffusive permeation of water was
observed. As illustrated in Fig. 5, in both states I and II the
guanidinium group of R189 is in contact with atom O of A117 and
seems to leave space for water to occupy the surrounding region. In
previous work, the up and middle conﬁgurations (I and II state in
Fig. 6) were considered to be in open state since the channel lumen
was consistently occupied with water molecules [34]. However our
current study unambiguously showed that the middle conﬁguration
(with doh=0.5 nm) which belongs to state II is in fact in a closed
state. When the doh is smaller than 0.4 nm, the pf of the channel falls
into the range of open state. There is a clear relation between the
side chain conformations of R189 and the channel permeability,
which also validates that doh is a good reaction coordinate for
discriminating the open and closed states.
The important role of R189 in modulating the open and closed
states has been further addressed by the simulation of R189S mutant.
Bymutating the R189 to a serine residue, the long side chain of R189 is
removed, with the environment around the 189 position remaining
hydrophilic. Simulation (40 ns) of the R189S mutant starting from
conformer B showed high osmotic permeability as well as diffusive
permeability (Table 2). The pf of all 4 protomers are in the range of
open state and the average is slightly higher than that of the open
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In current study, the open and closed states of AqpZ have been
shown to directly relate to the side chain conformation of residue
R189. For the ﬁrst time, the open and closed states have been directly
related to water permeation dynamics through the channel. Our study
conﬁrmed previous suggestions about the gating mechanism for
water transportation in AqpZ. The high level of genetic conservation
of R189 [33] also attests to its functional role. The free energy proﬁle
obtained in this study characterizes the two states energetically and
implies fast transition between them with thermal ﬂuctuation. This
indicates the complexity in functional characterization of the two
states by experimental tools and highlights the call for more detailed
computational studies targeting at the possible role of the two states
in proton exclusion or other function of AqpZ.
4. Method
Modeling and MD simulations: Simulations were performed for
AqpZ tetramers embedded in palmitoyloleyl phosphatidylcholine
(POPC) lipid bilayers. The AqpZ tetramer from the crystal structure
(PDB ID: 1RC2) were incorporated into POPC bilayers and fully
solvated. The system consists of 4 AqpZ monomers, 330 POPC and
24937 water molecules. MD simulations were carried out using
GROMACS [45] with CHARMM 27 force ﬁeld [46,47]. The systems
were initially minimized and equilibrated for 1 ns with protein heavy
atom coordinates restrained, and subjected to 80 and 100 ns NPT
(T=300 K, P=1 atm) simulations respectively for tetramers A and B.
Periodic boundary conditions were applied and the particle-mesh
Ewald method [48] with cutoff=9 Å was utilized for electrostatic
potential calculation. The Lennard–Jones interactions were switched
off beyond the range of 12 Å. An integration step of 2 fs was used, and
the simulated structures of the system were recorded every 1 ps.
Umbrella sampling simulations: Sampling along the reaction
coordinate (distance between R189 NH1 and A117O) was performed
by applying umbrella potentials to the reaction coordinate at each
sampling window. Center of sampling windows started from 2.0 Å and
ended at 8.0 Å with a 0.5-Å interval. For each sampling window, 12-ns
simulations were performed and the ﬁrst 2-ns trajectory was removed
from the analysis. In total 13 trajectories were generated, and for each
of them, the population histograms as a function of the reaction coor-
dinate were obtained. All these population functions were subjected to
1D weighted histograms analysis to generate the free energy proﬁle.
For checking the convergence of the free energy calculation, last 2 ns of
all trajectories was truncated and the same analysis was performed.
Almost identical free energy proﬁle was obtained under such condition.
Single-channel water permeability: The number of water travers-
ing the channel is recorded as a function of time. By linear regression
of the cumulative water traverse events as a function of time, the
water permeation rate k0 for a given trajectory was obtained. And the
single-channel diffusive permeability pd is obtained as: pd=vwk0
[36,41] where vw is the volume of a single water molecule. By
cumulating the individual water displacement inside the channel,
the collective motion of water inside the channel is described as:
dn =∑
i∈S tð Þ
dz = Lwhere S(t) denotes the water in the channel and Lwas
the channel length. When t is much longer than the velocity
correlation time of n, the mean square displacement of n, 〈n2(t)〉
obeys the Einstein relationship: 〈n2(t)〉=2Dnt where Dn is deﬁned as
the diffusion coefﬁcient of n. From Dn the single channel osmotic
permeability is calculated as: pf=vwDn [36,41].
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